In this paper the fracture behaviour of progressively drawn pearlitic steels is studied. To this end, samples from different stages of an industrial manufacturing process were analyzed to elucidate the consequences of steelmaking by cold drawing on the fracture toughness and the microscopic fracture modes. The real manufacture chain was stopped in the course of the process, and samples of five intermediate stages were extracted, apart from the original material or base product (hot rolled bar: not cold drawn at all) and the final commercial product (prestressing steel wire: heavily cold drawn). Results demonstrated that progressive cold drawing affects clearly the fracture performance of the materials, so that the most heavily drawn steels exhibit anisotropic fracture behaviour with crack deflection, i.e., a change in crack propagation direction which deviates from the original mode I propagation and approaches the wire axis or cold drawing direction, thereby producing a mixed mode stress state. At the microscopical level, clear changes are observed in the micrographs with appearances from cleavage-like in the slightly drawn steels to predominant micro-void coalescence in the heavily drawn steels. From the macroscopic fracture mechanics viewpoint, the manufacture process by cold drawing is beneficial, since the fracture toughness is progressively increased by steelmaking. These important results demonstrate that both the traditional mechanical properties (e.g. the yield strength) and the fracture mechanics properties (e.g. the fracture toughness) are improved by cold drawing.
Introduction
High-strength prestressing steel wires for civil engineering use in prestressed concrete structures are manufactured by cold drawing a previously hot rolled pearlitic steel bar in several passes to increase the yield strength. The steelmaking process in the form of progressive cold drawing produces important plastic deformations in the material and activates a strain hardening mechanism which is responsible for the extremely high yield strength useful for structural engineering. This heavy drawing also produces microstructural effects in the steel with potential consequences in the matter of fatigue, fracture and stress corrosion cracking behaviour.
Therefore, although the classical mechanical properties (yield strength, ultimate tensile stress) of high-strength cold drawn pearlitic steels are known to be improved during the steelmaking procedure, further research is needed to provide more insight into the effects of this manufacture method on fracture mechanics properties such as the fracture toughness or the stress corrosion cracking resistance. Previous researches on this topic dealt only with the first and last steps of the cold drawing manufacturing process, i.e., the hot rolled bar (base material) and the fully drawn wire (commercial prestressing steel for engineering use). In reference 1) an exhaustive study is provided of the fracture behaviour of steel for reinforced and prestressed concrete in air and aggressive environments, including an interesting analysis of the effect of temperature on the fracture properties. The anisotropic fracture behaviour of cold drawn pearlitic steel in air has been elucidated in papers, 2, 3) indicating that this material exhibits crack deflection and mixed mode propagation. In aggressive environments, i.e., in conditions which promote stress corrosion cracking, the behaviour of cold drawn steel is also anisotropic, [3] [4] [5] [6] exhibiting environmentally-assisted crack deflection. Specific works on hydrogen assisted cracking of prestressing steel-a particular stress corrosion cracking mechanism very frequent and dangerous in structural engineering-can be found in the literature, [7] [8] [9] showing the high susceptibility of prestressing steel to hydrogen embrittlement. In the matter of cyclic loading, previous work refers to fatigue crack growth in air 10, 11) and corrosion-fatigue, 12, 13) demonstrating that in this case the behaviour is isotropic in spite of the previous cold drawing process, in contrast with the anisotropic fracture behaviour under static loading.
In this paper the fracture performance of steels with different levels of cold drawing is studied. Thus the drawing intensity (or straining level, or degree of strain hardening, given by the number of cold drawing steps undergone by the steels) is treated as the fundamental variable to elucidate the effects of the manufacturing route on the posterior fracture performance of the material. The final aim is to study the evolution of fracture toughness as the pearlitic steel is cold drawn during steelmaking.
Materials and Effect of Cold Drawing
Samples from an industrial manufacturing process were supplied by EMESA TREFILERIA (La Coruña, Spain). The manufacturing chain was stopped in the course of the process, and samples of five intermediate stages were extracted, apart from the original material or base product (hot rolled bar: not cold drawn at all) and the final commercial product (prestressing steel wire: heavily cold drawn). The chemical composition-common to the seven steelsis given in Table 1 . In this paper, the name of each steel indicates the number of cold drawing steps which has undergone, as given in Table 2 , together with the diameter (D i ) of each wire and the mechanical properties of the different steels. Figure 1 gives a plot of the stress-strain curves of the steels (experimentally measured by means of standard tension tests), showing a clear improvement of traditional mechanical properties as a consequence of the manufacturing process by cold drawing, i.e., both the yield strength and the ultimate tensile stress increase progressively as a result of the strain hardening mechanism activated by the drawing process, and their evolution with the number of cold drawing steps is shown in Fig. 2 .
In spite of the clear improvement of mechanical properties with steelmaking, the effects of manufacturing on fracture performance are not well known, so that this item requires further research to elucidate the consequences of steel making in the fracture behaviour of the high-strength steel, and particularly in the evolution of fracture toughness in the course of drawing, to provide insight into its damage tolerance capacity.
Experimental Procedure
To analyze the fracture phenomenon in prestressing steels with different degrees of cold drawing, cylindrical precracked rods were used, as shown in Fig. 3 . Samples were taken from steel wires of different diameter D i (cf .  Table 2 ), the length L being around 30 cm (common to all experiments). The specimens were subjected to axial fatigue (tensile loading/unloading in the direction of the wire axis) to produce a precrack before the fracture test. After fatigue precracking, the cracked rods were subjected to monotonic tensile loading up to fracture at a crosshead speed of 3 mm/min.
The load applied on the specimen and the relative displacement of two points symmetrically placed in relation to the crack plane were continuously monitored during the test, the first by means of the load cell and the second using an extensometer (whose gage length was 12.5 mm) placed in front of the crack, so as to record the complete loaddisplacement plot.
A total number of 37 fracture tests were performed, more or less uniformly distributed among all wire diameters (i.e., among all degrees of cold drawing), although fewer tests were conducted on the intermediate levels of cold drawing due to the scarcity of material from these stages of the manufacturing route. Nevertheless, at least three replicate tests were made for each material condition (degree of drawing). The fracture toughness K IC was evaluated as the critical value (at the fracture instant) of the stress intensity factor K I in the cracked bars. The expression for the stress intensity factor in this geometry was computed previously 14) as: where s is the remote axial stress (far from the crack), a the crack depth, and M(x) a dimensionless function given by:
where x is the ratio a/D of the crack depth to the bar diameter (cf. Fig. 3 ).
Evolution of Fracture Behaviour with Cold Drawing

Progression with Cold Drawing of Microscopic
Fracture Modes A key experimental difference in fracture behaviour between slightly drawn and heavily drawn steels was observed, as sketched in Fig. 4 . While the slightly drawn steels (A0-A3) exhibit an isotropic fracture behaviour, the heavily drawn steels (A4-A6) exhibit a clearly anisotropic fracture behaviour in the form of crack deflection after the fatigue precrack with a deviation angle of almost 90°from the initial crack plane and further propagation in a direction close to the initial one. This anisotropic fracture behaviour of the most heavily drawn steels may be explained on the basis of metallographic analyses 15, 16) showing that the microstructure of the steels becomes markedly oriented in the wire axis direction as a consequence of cold drawing.
To analyze the microscopic modes of fracture, a fractographic analysis by scanning electron microscopy (SEM) was performed on the fracture surfaces of all the broken samples, and results are given in Fig. 5 . In the first stages of cold drawing (steel A0 which is not cold drawn at all and steel A1) the microscopic fracture mode is cleavage-like. In steels A2 and A3 the fracture process initially develops by micro-void coalescence (MVC) and continues by cleavage, as shown in Fig. 6 at two different locations at the crack front, namely at the deepest point (crack center: Fig. 6(a) ) and at the periphery (crack surface: Fig. 6(b) ). Thus a first MVC region of depth x m (ductile zone) is found before the cleavage-like (brittle) area, as sketched in Fig. 7 . The depth of this MVC region was measured and results appear in Table 3 . It is seen that the depth of this MVC region is an increasing function of the degree of cold drawing. In addition, it is clearly higher at the specimen surface than at the crack center, cf. Figs. 6(a) and 6(b). The most heavily drawn steels (A4 to A6) exhibit anisotropic fracture behaviour with a 90°-step, as described above, although certain mode I crack growth appears before the step over a distance x s in which the MVC micro-fracture mode is predominant although the meso-roughness is higher (i.e., the fracture surface is more stepped) than in the slightly drawn steels. After a distance of MVC (mode I) propagation x s , the 90°-step appears, producing mixed mode propagation. The microscopic appearance of the step is shown in the scanning electron micrographs of Fig. 8 (at two different scales ϫ500 and ϫ3 000), and it resembles shear fracture. The depth x S was also measured and the results are given in Table 4 . Figure 9 offers a sketch of the microscopic fracture modes in heavily drawn steels, showing that fracture surfaces are MVC before the step (when x S is different from zero) and MVC with some cleavage (C) facets after it (cf. Fig. 5 , steels A4 to A6). As sketched in Fig. 9 , the 90°-step appears at some distance x S from the fatigue precrack border, and this distance decreases as the degree of cold drawing degree increases, i.e., the step gets closer to the fatigue precrack border as the drawing becomes heavier, and in the fully drawn steel (A6) the step is located just at the fatigue precrack border (x S ϭ0). Thus the distance x S represents the extension of the mode-I crack growth by MVC before the mixed-mode propagation produced by the 90°-step, and such an extension simply does not exist in the case of the most heavily drawn steel A6.
Evolution of Fracture Toughness with Cold Drawing
The appearance of the load-displacement plot during the Microscopic fracture modes in all the steels used in the experimental programme. The micrographs correspond to the whole surface in steels A0 and A1, the main fracture surface after the initial MVC band in steels A2 and A3, and the main fracture surface after the propagation step in steels A4 to A6. Fracture propagates from the bottom to the top in every micrograph.
fracture tests was seen to depend on the degree of cold drawing, with a general evolution from a linear plot associated with elastic behaviour in slightly drawn steels to a nonlinear (clearly curved) load-displacement plot in heavily drawn steels (cf. Fig. 10 ). In the latter case, a pop-in associated with the moment of crack deflection was detected in the load-displacement curve. Thus the fracture instant is clearly identified in slightly drawn steels, since in this case the fracture initiation coincides with the final fracture. In heavily drawn steels, however, the fracture initiation takes place at the moment of pop-in, while the final fracture is achieved at the maximum load point.
The pop-in is not produced by plastic yielding but by a Table 3 . Extension of the MVC region in steels A2 and A3, measured from the fatigue precrack at the deepest point (x m : crack center) and at the periphery (xЈ m : crack surface). Table 4 . Extension x S of the MVC region in steels A4 to A6, measured as the distance from the fatigue precrack to the 90°-step. kind of microstructural yielding due to the appearance of the 90°-step as a consequence of the presence of extremely slender pearlitic pseudocolonies 17) created in the steel during manufacture by cold drawing. Such pseudocolonies posses an anomalous (very high) local interlamellar spacing which makes them preferential fracture paths with minimum local toughness. This is consistent with the ideas presented in Ref. 18 ), according to which the pop-in in the load-displacement curve is produced by a small amount of abrupt crack extension and could be related to the presence of heterogeneities in the material in the form of large inclusions, carbides, 18) or, in the case of the pearlitic steel analyzed in this paper, the afore-said pearlitic pseudocolonies produced by heavy drawing.
To have a conservative approach, in this paper the fracture toughness was evaluated as the critical value of the stress intensity factor at the moment of fracture initiation (pop-in). It represents thus the strength parameter when damage tolerance analyses are used. Results in the form of a critical stress intensity factor for fracture initiation as a function of the number of cold drawing steps undergone by the material are shown in Fig. 11 .
The increase of fracture toughness with cold drawing demonstrates that the manufacturing process is beneficial from the fracture mechanics point of view. Steelmaking improves the traditional mechanical properties such as the yield strength or the ultimate tensile stress (this is the final aim of cold drawing: to activate a strain hardening mechanism) while at the same time providing a clear improvement of the fracture mechanics properties. In particular, the fracture toughness becomes higher as the steel wire is cold drawn during industrial manufacturing.
Conclusions
The results of this study show that progressive cold drawing affects clearly the fracture performance of pearlitic steels for use in prestressed concrete. While the fracture behaviour of slightly drawn steels is isotropic, the most heavily drawn steels exhibit strength anisotropy and crack deflection.
At the microscopic level, clear changes are observed in the micrographs with appearances from cleavage-like (brittle) in the slightly drawn steels to predominant micro-void coalescence (ductile) in the heavily drawn steels.
From the macroscopic fracture mechanics viewpoint, the steelmaking process in the form of cold drawing is beneficial, since the fracture toughness of the steels is progressively increased by the industrial manufacture technique.
These results demonstrate that both the traditional and the fracture mechanics properties become better by cold drawing, thus improving the engineering performance and the damage tolerance capacity of these high-strength materials.
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